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data. Genetic analyses of IT data of the parents, F 1 , and F 2 tested in the adult-plant stage under controlled high-temperature cycle in the greenhouse and the parents, F 4 , and F 5 RIL in the field indicated that one dominant gene controlled the HTAP resistance in Bancroft. Using 119 F 5:6 RIL and IT data, a linkage map on chromosome arm 3HL was constructed with eight RGAP markers and three simple sequence repeat (SSR) markers. Using the QTL analysis, a QTL for HTAP resistance was mapped with the DS and AUDPC data on the same chromosome location as with the IT data. The QTL explained >70% of the total phenotypic variation for the DS and AUDPC. The heritability of the HTAP resistance based on the AUDPC data was 76%. The two markers most close to the QTL peak detected polymorphisms in 84 and 88% of 25 barley genotypes that do not have the Bancroft HTAP resistance when used individually, and detected polymorphism in 100% of the genotypes when used in combination, indicating that the markers could be used in incorporating the HTAP resistance into these barley genotypes to improve the level and durability of resistance to stripe rust.
Additional keywords: Hordeum vulgare.
Stripe (yellow) rust, caused by Puccinia striiformis Westend. f. sp. hordei Erikss., is an important disease in the barley (Hordeum vulgare L. emend. Bowden) production region in the western United States (2, 6, 15) . Growing resistant cultivars is the best approach to control barley stripe rust. After the first report of barley stripe rust in the United States in 1991 in Texas, numerous barley cultivars and germplasms were identified with different levels of resistance (3, 11, 13, 37) . New cultivars with resistance to stripe rust recently were released in the Pacific Northwest of the United States (12, 41) . However, most malting barley cultivars that currently are grown in the United States are susceptible to barley stripe rust (2) .
'Bancroft' was released by Wesenberg et al. (42) in 2000 as one of the first barley cultivars developed in the United States with resistance to stripe rust. Soon after release, Bancroft was found to be infected by stripe rust and, therefore, was added to the set of barley differential cultivars in 2001 to differentiate races of P. striiformis f. sp. hordei. New races that were virulent on seedlings of Bancroft were identified on the samples collected from Texas, California, Oregon, and Washington (17, 18) . However, Bancroft has remained resistant in the fields even when predominant races in the fields were virulent on seedlings of the cultivar. Chen and Moore (18) characterized the Bancroft resistance in both seedling and adult-plant stages at high and low diurnal temperature cycles and identified Bancroft to have high-temperature adult-plant (HTAP) resistance.
HTAP resistance in wheat has been demonstrated to be durable and successfully used to control wheat stripe rust caused by P. striiformis f. sp. tritici in the Pacific Northwest and other regions of the United States (7, 25) . HTAP resistance is most effective at the adult-plant stage at high temperatures (9, 10, 34) . In the field, expression of HTAP resistance commences at stem elongation and increases as plants grow older and temperatures become higher (9, 10, 31) . Sporulation of the fungus is inhibited at high temperatures but can resume at low temperatures. Generally, HTAP resistance is more evident in the flag leaves than in the lower leaves. HTAP resistance protects the crop from stripe rust damage by reducing the infection type, the number of new infections, and the amount of inoculum (7) . Compared with race-specific allstage resistance (also called seedling resistance), HTAP resistance is considered to be non-race specific, durable, and controlled by quantitative trait loci (QTL) (7) . However, HTAP resistance is more difficult to incorporate into commercial cultivars than allstage resistance because of its quantitative inheritance under the influence of the environmental conditions. Because HTAP resistance expresses in the adult-plant stage, it is time consuming to evaluate. Molecular markers can be useful in overcoming the dif-ficulties and in accelerating the introgression of the HTAP resistance into commercial cultivars. Markers tightly linked to the resistance genes or QTL for HTAP resistance in Bancroft can be essential for combining the durable resistance with all-stage resistance genes to develop new barley cultivars with high-level and durable resistance to control stripe rust.
The objectives of this study were to determine the inheritance of the HTAP resistance in Bancroft, develop molecular markers for the HTAP resistance using the resistance gene analog polymorphism (RGAP) technique (16, 38) , map the HTAP resistance QTL on barley chromosomes, and determine the usefulness of the RGAP markers in other barley cultivars for marker-assisted selection.
MATERIALS AND METHODS

Plant materials.
A cross was made in the greenhouse between susceptible barley 'Harrington' as the female parent and the resistant male parent Bancroft. Harrington is a two-rowed spring malting barley and serves as the industry standard in North America (46) . Bancroft is a two-rowed spring feed barley and was selected from the cross Hector/60Ab1810-53 (42) . In all, 197 F 2 seed originating from F 1 seed planted in the greenhouse were advanced to the F 4 generation in the greenhouse and then to the F 5 generation in the field by single-seed descent. F 1 seed from each crossed head and seed from each plant of the F 2 to F 5 progeny were kept separately. The F 5:6 seed were bulk harvested from each F 5 line in the field. For convenience of running polyacrylamide gels, the first 119 F 5:6 recombinant inbred lines (RIL) were used for the molecular mapping study.
Greenhouse tests for stripe rust resistance. Harrington and Bancroft were tested at the two-leaf stage in the greenhouse using a single race of P. striiformis f. sp. hordei in each test at the low diurnal temperature cycle changing from 4°C at 2:00 a.m. to 20°C at 2:00 p.m. at a rate of 1.3°C/h. Three races, PSH-54, PSH-56, and PSH-69, were selected for the tests based on their virulence on seedlings of Bancroft determined in previous studies (6, 19) . The adult plants at the heading stage were inoculated with fresh spores of the same races in the seedling test and were moved to the growth chamber at the high diurnal temperature cycle changing from 10°C at 2:00 a.m. to 35°C at 2:00 p.m. at a rate of 2.1°C/h following the procedure described by Chen and Line (10) for detecting HTAP resistance.
To determine the inheritance of HTAP resistance, eight F 1 and 150 F 2 plants of Harrington/Bancroft, as well as three plants each of the parents, were tested with race PSH-54 under the high diurnal temperature cycle at the adult-plant stage in the greenhouse. Under the same conditions, 150 F 2 and 3 plants each of the parents also were tested in the greenhouse with race PSH-69.
Field tests for stripe rust resistance. and PSH-56 of P. striiformis f. sp. hordei that were virulent on seedlings of Bancroft and both seedling and adult-plant stages of Harrington were mixed together with talc (Sigma-Aldrich, St. Louis) at a 1:50 ratio prior to inoculation. Spore production and storage were done following the procedures described by Chen et al. (15) . The field inoculation was conducted using the procedure described by Chen and Line for testing wheat for resistance to stripe rust (9) . Because the F 4 RIL grown in the field was mainly for advancing the mapping population to the F 5 In addition, plants of the highly susceptible 'Steptoe,' which had been inoculated in the greenhouse and were producing spores, were transplanted in the fields with approximately five to seven plants/hill-plot and 2 m between hill-plots at the seedling stage to ensure the successful and uniform infection of PSH. The fields near Pullman were sprinkler irrigated for an hour each time and twice every week from 5 June to 15 July to increase infection of the stripe rust pathogen. Each plot in 2005 was planted using a randomized complete block design with three replications. For the two locations in Pullman, infection type (IT) based on a 0-to-9 scale (26) and disease severity (DS) (percentage of leaf area infected) based on the modified Cobb's scale (33) were recorded three times at the dates and growth stages shown in Table 1 . At Mount Vernon, IT and DS were recorded only once due to the interference of leaf rust (P. hordei G. H. Otth) that rapidly developed in the plots during the late growing season. The IT data were analyzed both qualitatively and quantitatively. When they were analyzed qualitatively, IT 0 to 3, 4 to 6, and 7 to 9 were considered to be resistant, intermediate, and susceptible reactions, respectively. The DS data of the three times at different stages of plant growth were used to calculate area under the disease pro- 
, where d i = the DS of the ith note, d i + 1 = the DS of the i + 1th note, and (t i + 1 -t i ) = the number of days from the ith note to the i + 1th note (9, 10) . Relative AUDPC (%) was obtained for each RIL by comparison with the AUDPC data of the susceptible parent Harrington treated as 100%.
DNA extraction and bulk segregant analysis. For each RIL, approximately 3 g of fresh seedling leaves from 15 or more plants grown in a greenhouse were ground in liquid nitrogen. DNA was extracted from the fine leaf powder following the protocol described by Riede and Anderson (36) , dissolved in 1× TE buffer (10 mM Tris-HCl and 1 mM EDTA, pH 8.0), and stored at -20°C. DNA concentrations were quantified using the mini-gel method (28) and spectrophotometer (Smartspec 3000; Bio-Rad, Hercules, CA), and DNA concentration for each RIL and parent was adjusted to the same amount (30 ng/µl). DNA quality was assessed by electrophoresis in 1% (wt/vol) agarose gels.
To quickly identify molecular markers potentially associated with the HTAP resistance, bulk segregant analysis (29) was used. Contrasting bulks were made from equal amounts of DNA from 10 resistant and 10 susceptible F 5:6 homozygous RIL. Genomic DNA samples from Bancroft, Harrington, and the resistant bulk (RB) and susceptible bulk (SB) were used for screening primers. All of the primer combinations first were screened to find the polymorphic bands specific to Bancroft and the RB or Harrington and the SB. The selected primer pairs that were strong and repeatable then were screened on a subset of 20 individual F 5:6 lines to select markers for mapping in the 119 F 5:6 RIL.
Identification of RGAP markers. The resistance gene analog (RGA) primers (16, 32, 45) used in this study were designed based on conserved motifs of many cloned plant resistance genes ( Table  2 ) and synthesized by Invitrogen (Carlsbad, CA). The RGAP protocol described by Chen et al. (16) with modifications to the reaction volume and ingredient amount (43) was followed. After amplification, polymerase chain reaction (PCR) amplifications were checked on agarose gel and PCR fragments were separated on denaturing polyacrylamide gel, stained with silver nitrate, and scored following the procedures as previously described (16, 43) . For convenience, the RGAP markers were temporarily designated as an H series to represent markers developed for the HTAP resistance in Bancroft barley.
Identification of simple sequence repeat markers. To determine the chromosomal locations of the HTAP resistance gene and the RGAP markers, 83 simple sequence repeat (SSR) markers of known map locations covering all of the seven barley chromosomes were screened for the polymorphism with genomic DNA from the parents and the two bulks (27, 35) . The PCR reactions were the same as for the RGAP analysis described above, except that half the amount of MgCl 2 (2.5 mM) was used in the SSR analysis. Information on marker name, sequences of forward and reverse primers, repeat motif, PCR conditions, and marker size are available in Becker and Heun (1), Liu et al. (27) , and Ramsay et al. (35) . The PCR amplification conditions for both primer pairs (Bmag0606 and EBmag0705) consisted of 1 cycle of 94°C for 1 min of denaturing, 55°C for 1 min of annealing, and 72°C for a 1-min extension, followed by 30 cycles of 1 min at 94°C, 1 min at 55°C, 1 min at 72°C, and a final extension step of 5 min at 72°C. The PCR condition for the Bmag0013 primer pair consisted of 1 cycle of 3 min at 94°C, 1 min at 58°C, and 1 min at 72°C, followed by 30 cycles of 30 s at 94°C, 30 s at 58°C, 30 s at 72°C, and a final extension step of 5 min at 72°C. The procedures and conditions after PCR amplification were the same as those described for the RGAP assay, except that the polyacrylamide gel was run at 1,500 V for approximate 2.0 h to separate products ranging from 100 to 300 bp.
Map construction, QTL and statistical analyses, and heritability estimation. The genotypic data of RGAP and SSR markers of the 119 F 5:6 RIL, as well as the phenotypic disease data obtained from their F 5 RIL, were used to estimate the genetic linkage between the markers and the HTAP resistance QTL. The computer program Mapmaker, version 3.0 (23) was used to obtain the map order of the linked markers at a logarithm of the likelihood (LOD) ratio score of ≥3.0. Kosambi's mapping function that transformed recombination frequency to the map distance (centimorgans [cM]) (21) was used to establish the linkage. Mapmaker/QTL (22) was used for single marker analysis and interval mapping. Localization of the QTL that determines the HTAP resistance to barley stripe rust was revealed by the QTL scans. The Mapmaker/ QTL program default LOD score of 3.0 was used as the conservative threshold for initially declaring the presence of a QTL.
Analyses of variance among three locations for IT, DS, and AUDPC in 2005 were performed using the general linear model (PROC GLM) in the SAS program (version 9.1; SAS Institute, Cary, NC). The χ 2 test that was used to analyze the F 2 , F 4 , and F 5 RIL for the stripe rust resistance was conducted using the "Chitest" analysis in the Microsoft Excel program of data analyses.
The heritability of the HTAP resistance was calculated based on the total variance of the AUDPC data of the F 5 RIL across the two experimental sites near Pullman using the equation H = [VF 5 -(VP 1 + VP 2 )/2]/VF 5 , where H denotes the heritability, VF 5 denotes the total variance of the F 5 RIL, and VP 1 denotes the variance of the resistant parent (RP) (Bancroft), and VP 2 denotes the variance of the susceptible parent (SP) (Harrington).
RESULTS
Inheritance of HTAP resistance in Bancroft.
In the greenhouse tests, Harrington showed a susceptible reaction with IT 8 in Disease responses of the parents and RIL in the field tests. The three pathogen races that were virulent on the seedlings but avirulent on the adult plants of Bancroft in the greenhouse were used either individually or in combinations of two or three for inoculating the field plots. In all of these tests, the adult plants of Table 3 , indicating a single gene for the HTAP resistance measured by IT in the Harrington/Bancroft population.
The mean relative AUDPC data for the F 4 lines in 2004 in the field of OB Hill, Pullman, WA, showed a continuous variation. In 2005, the relative AUDPC data showed a similar pattern for each replication in the two locations at Pullman, and still were distributed in a continuous manner with low to high AUDPC (Fig.  1A and B) . The results indicated that the expression of the HTAP resistance in Bancroft as measured by DS or AUDPC demonstrated to be quantitatively inherited and under the influence of the environmental conditions in the fields. However, the bi-modallike distribution suggested that the resistance was controlled by a single gene or a QTL with major effects.
Variance analyses among different locations. Based on the probability (P) value obtained by the general linear model (GLM) procedure in the SAS system, there was no significant difference for the IT data among the three locations Tukey Farm, OB Hill, and Mount Vernon (P = 0.52). However, a significant difference (P = 0.03) was found for the DS data among the three locations. Pairwise tests between Tukey Farm and OB Hill near Pullman showed no significant differences for all the variables, IT, DS, and AUDPC (data not shown). There were significant differences for DS between the Mount Vernon and Tukey Farm sites, and between the Mount Vernon and OB Hill sites. The absence of significant differences in IT among three locations shows that IT is a reliable indicator of HTAP resistance and that the HTAP resistance in Bancroft may be non-race specific. The heritability was estimated to be 76% using the AUDPC data of the two experimental field sites near Pullman.
Construction of a linkage map for the HTAP resistance. From a total of 120 RGA primer pairs used to screen for polymorphism in the bulk segregant analysis, 45 (38%) pairs produced polymorphic bands that differentiated the SP and SB from the RP and RB. In all, 19 RGA primer pairs were used for genotyping the 119 F 5:6 RIL. Eight primer pairs that produced eight strong and repeatable polymorphic bands were used for constructing a linkage map for the HTAP resistance after removing four ungrouped, four nonspecific, and three poorly amplified RGA primer pairs. The fragment sizes and primer pairs of the eight RGAP markers are listed in Table 4 . The banding pattern of the marker H3 tested with a set of F 5:6 RIL is shown in Figure 2 . a Ratios: R = homozygous resistant, H = heterozygous, and S = homozygous susceptible. The three classes were for the F 4 and F 5 field tests, whereas only R and S classes were used for the F 2 greenhouse tests. The classification of infection types was identical for the three replications of each F 5 recombinant inbred line. b P = probability of χ 2 test for goodness-of-fit of the observed ratio to the expected ratio. c In the greenhouse tests of the F 2 population, the plants were inoculated at the heading stage, placed in a dew chamber at 10°C for 24 h in the dark, and then grown in a greenhouse chamber under the high-temperature cycle, gradually changing from 10 to 30°C with a daily 16-h photoperiod. Three SSR markers, Bmag0013, Bmag0606, and EBmag0705, associated with the long arm of chromosome 3H were categorized into the linkage group with the eight RGAP markers. The primer pairs and fragment sizes of the three SSR markers are shown in Table 4 . Bmag0013 (amplified with the forward primer 5′-AAGGGGAATCAAAATGGGAG-3′ and the reverse primer 5′-TCGAATAGGTCTCCGAAGAAA-3′) and Bmag0606 (amplified with the forward primer 5′-CTATTTGTAATGTATGTATGTCCC-3′ and the reverse primer 5′-TCATTGGTCCAGATAATACAA-3′) were dominant markers and EBmag0705 (amplified with the forward primer 5′-TCCTGTAGTCCTCTTTGTTTC-3′ and the reverse primer 5′-TATATTACACATGGAGAGAGAGG-3′) was a co-dominant marker. The banding pattern of marker Bmag0013 associated with the resistant allele was shown in Figure 3 . The three SSR markers mapped the resistance locus and the RGAP markers on the long arm of barley chromosome 3H based on the known SSR linkage map of barley (32) .
The RGAP marker H2 was tightly linked to the resistance allele in repulsion and they did not show any recombination in the genetic linkage map (Fig. 4) constructed with the 119 F 5:6 lines using the IT data obtained for 2 years and three locations. The RGAP marker H3 was closely linked to the resistance allele in coupling with a genetic distance of 0.4 cM. The closest SSR marker Bmag0013 for the resistance allele was within 1.3 cM.
Detection of HTAP resistance QTL. Scanning the linkage map with the eight RGAP and three SSR markers using Mapmaker/QTL for the DS and AUDPC data from the Tukey Farm revealed one QTL associated with the HTAP resistance in Bancroft (Fig. 4) . Based on the LOD value, this QTL was located at the chromosome region between H2 to H3 with only a 0.4-cM interval. The highest LOD values for DS and AUDPC were 58 and 33, respectively, and they greatly exceeded the conservative LOD threshold 3, which strongly supported this QTL and its position. This QTL explained 76% of the total variance in DS and 71% of the total variance in AUDPC, indicating that it had a large effect on the HTAP resistance.
The data from the OB Hill and Mount Vernon supported the finding from the Tukey Farm. One QTL also was detected at the same region of the linkage map (Fig. 4) . The QTL in OB Hill and Mount Vernon explained 70 and 79% of the total variance in DS with LOD scores of 31 and 41, respectively. The QTL in OB Hill explained 78% of the total variance in AUDPC, with a LOD score of 39.
Determination of polymorphism of tightly linked marker loci in other barley genotypes. The presence and absence of RGAP marker H3 and SSR marker Bmag0013 in 25 barley genotypes are shown in Table 5 . Of the 25 genotypes, only Baronesse is known to have intermediate HTAP resistance; however, it differs from the HTAP resistance in Bancroft with respect to high IT and DS (X. Chen, unpublished data). When tested with H3, 22 of 25 genotypes did not have the specific band ( Table 5 ), indicating that this marker detected polymorphism in 88% of the genotypes. When tested with Bmag0013, 21 genotypes did not have the band, detecting polymorphism in 84% of the tested genotypes. When these two markers were used in combination, they detected polymorphism for at least one of the two markers in 100% of the tested genotypes. Sizes of all markers were estimated based on comparison with the 1-kb-plus DNA ladder bands. c P = probability of χ 2 test for goodness-of-fit of the observed ratio to the expected ratio of a single locus.
Fig. 2.
Silver-stained denaturing polyacrylamide gel showing the resistance gene analog polymorphism marker H3 (520 bp, arrows) that was associated with high-temperature adult-plant resistance against Puccinia striiformis f. sp. hordei in the analysis of F 5 recombined inbred lines (RILs) derived from the Harrington/Bancroft barley population. P 1 = the susceptible parent, Harrington; P 2 = the resistant parent, Bancroft; PT = disease phenotypic data; GT = marker genotypic data; S = susceptible, R = resistant; + = presence, and -= absence. 
DISCUSSION
Both all-stage and HTAP resistance to stripe rust has been identified through previous studies in the barley cv. Bancroft (6, 17, 18) . The present study confirmed HTAP resistance in Bancroft.
HTAP resistance is non-race specific and more useful than allstage resistance because the latter in Bancroft is no longer effective against the P. striiformis f. sp. hordei population present in the United States (6, 7, 25) . The durability of HTAP resistance in wheat cultivars has been demonstrated in the Pacific Northwest 1  Topper  9  9  9  8  100  --2  Heils Franken  2  2  2  2  2  -+  3  Emir  2  2  2  0  0  --4  Astrix  2  2  2  0  0  -+  5  Hiproly  2  8  8  8  20  --6  Varunda  2  2  8  8  10  --7  Abed Binder 12  8  8  8  8  60  --8  Trumpf  8  8  8  8  40  --9  GZ  0  0  0  0  0  --10  Steptoe  8  8  8  8  80  --11  Cambrinus  2  2  2  0  0  --12  BBA 809  2  2  8  8  10  +  -13  Zephyr  8  8  8  8  60  --14  Nakai Zumizairai  8  8  8  ND  ND  +  -15  SO  2  2  8  8  20  --16  Baronesse  8  8  8  5  20  -+  17  Mazurka  2  2  8  8  30  --18  Bigo  0  0  8  3  5  +  -19  I 5  0  0  8  8  10  --20  PI 548708  0  0  0  0  0  --21  PI 548734  0  0  0  0  0  --22  PI 548747  0  0  0  0  0  --23  Abyssinian 14  0  0  0  0  0  --24  Russell  9  9  9  8  100  -+  25 BBA 2890 and other regions of the United States (7, 25) . HTAP resistance in Bancroft and other barley cultivars also has shown long-lasting effectiveness. This study demonstrated that HTAP resistance in Bancroft barley can be identified by both IT and DS. This is in agreement with previous reports of HTAP resistance in wheat cultivars (6, 9, 31, 34) . As measurements of HTAP resistance, IT and DS generally are highly correlated to each other, as shown in this study and previous studies with wheat genotypes (9, 10, 24) . However, IT data were more consistent across different environments than DS data in this study because, at adult-plant stages and hightemperature conditions that allow HTAP resistance express, IT is not influenced by the inoculum pressure and disease cycles as DS is. This explains the absence of significant differences in the IT data but the presence of significant differences in DS data between locations in this study.
The environmental conditions at the three experimental locations did not affect the placement of the QTL mapping position, but did affect the magnitudes of LOD values and QTL effects. These results are similar to a previous study for mapping quantitative barley stripe rust resistance genes in the doubled haploid population of Shyri/Galena (40) . The difference in QTL effect between the two locations near Pullman might be due to the effects of soil conditions and microenvironment, which might influence plant growth and rust development. Because HTAP resistance is non-race specific, infections from naturally occurring races should not change much DS value. In fact, natural infections in the Pullman region were very limited in both 2004 and 2005. The difference in QTL effects between Mount Vernon and the two locations near Pullman might be due to the effects of temperature, humidity, and rust pressure.
Unlike all-stage resistance that usually expresses as high-level to complete resistance and is qualitatively inherited (6), HTAP resistance in Bancroft barley is incomplete or partial. Therefore, we used both qualitative and quantitative approaches to identify and map the gene or QTL for HTAP resistance in Bancroft. Both these approaches identified a single gene for HTAP resistance in Bancroft and mapped the gene to the same chromosome locus region. These results were similar to reports of a single gene or QTL for HTAP resistances in wheat genotypes Gaines (30), Alpowa (24) , and the AVS/6*Yr8 line (20) against P. striiformis f. sp. tritici. However, not all HTAP resistances are controlled by a single gene or QTL. For example, two to three genes or QTL controlled HTAP resistances in wheat genotypes Nugaines and Luke (30), Druchamp and Stephenes (10), and Express (8) . Therefore, HTAP resistance can be controlled by one or more genes. Even though a qualitative approach may be useable for certain cases, as in this study, quantitative mapping is more appropriate for identifying genes for HTAP resistance. In this study, using both qualitative and quantitative analyses made the results of gene identification and chromosomal mapping more robust than any one type of analysis alone.
Mapping QTL for barley stripe rust resistance has been reported on different chromosomal regions in various crosses (4, 5, 39) . Previous studies reported QTL on chromosome 3H for resistance to barley stripe rust. Chen et al. (14) detected a QTL on chromosome 3H in the doubled haploid lines of Gobernadora/ CMB 643 evaluated in Mexican fields for resistance to stripe rust. In the population of Shyri/Galena, a QTL was mapped on the long arm of chromosome 3H, flanked by the restriction fragment length polymorphism marker ABG004 and the amplified fragment length polymorphism marker T22M3li (40) . The maximum percentage of variance explained by this QTL was only 12%. The difference in magnitude of effects between the Bancroft QTL and those reported in other genotypes on chromosome 3H suggests that they are different genes or alleles. However, further studies are needed to determine the relationship among the resistance QTL on chromosome 3H.
The sequential order of the three SSR markers in the linkage map (Fig. 4) was the same as the order in Ramsay et al. (35) , but the genetic distances between markers were different. The genetic distance between Bmag0606 and Bmag0013 decreased from 16.0 cM in their map to 7.8 cM in our map while the distance between Bmag0013 and EBmag0705 increased from 28.0 cM in their map to 37.9 cM in our map. These differences might result from chromosome rearrangements and DNA insertions, substitutions, or deletions within this region of different barley germplasms, as we previously discussed (43, 44) . Other factors, such as mapping population size, scoring errors, and marker saturation, could contribute to the differences.
A major problem for marker-assisted selection is the lack of polymorphism across different genotypes at the locus of a marker identified in a particular cross. To determine how useful markers identified in the Harrington/Bancroft cross would be if used to interogress the HTAP resistance to other wheat genotypes, the RGAP marker H3 and the SSR marker Bmag0013 associated with the resistance allele were tested for their presence or absence in 25 barley genotypes. Based on their pedigrees and reactions to races of P. striiformis f. sp. hordei, these genotypes do not have the Bancroft HTAP resistance and, therefore, were expected not to have the bands of markers tightly linked to the HTAP QTL. When tested with H3, only three genotypes, BBA 809, Nakai Zumizairai, and Bigo, had the Bancroft marker band. When tested with Bmag0013, only four genotypes, Heils Franken, Astrix, Baronesse, and Russell, showed the Bancroft band. A possible reason for the monomorphic genotypes is that H3 and Bmag0013 are just markers linked to the resistance QTL. Another possibility is that the bands may be the same in size but different in their sequence composition. Further studies, such as cloning and sequencing of these DNA fragments and the marker band in Bancroft, are needed to determine sequences and sources of the amplified products in these genotypes with amplified bands. Nevertheless, none of the 25 barley genotypes had both H3 and Bmag0013 markers as Bancroft did. Therefore, these markers can be used in combination in marker-assisted selection to incorporate the Bancroft HTAP resistance gene into other barley genotypes.
